Different content of various anti-oxidants, Mg, Al, Si, SiC and B4C was added to MgO-C refractories, ranging from 1 to 7 wt.%. Exposed to the air at 1 200°C, weight changes of cylindrical specimens were measured by a thermo gravimeter (TG). Based on shrinking core model, a mathematical model was modified by introducing anti-oxidant consumption factor. And the effective diffusion coefficient of gaseous species in refractories with different anti-oxidants was calculated by measuring results of weight change. The phase changes of the anti-oxidants' oxidation process were researched by XRD, and the volume expansions of this process were derived according to theoretical calculation. It was found that Mg had negative effect on diminishing the effective diffusion coefficient, while Al, Si, SiC and B4C had positive effect on it. For B4C's largest volume expansion at the oxidation process, effective diffusion coefficient in samples with B4C addition was smaller than that in samples with other additions.
Introduction
Magnesia-carbon (MgO-C) refractories are widely used in basic oxygen furnaces, electric arc furnaces and steel ladles for their excellent thermal shock resistance and slag resistance. 1, 2) Despite these advantages, the drawback of MgO-C refractories that graphite and glass carbon in composite material are easily oxidized can lead to degeneration of properties in service.
Carbon, in MgO-C refractories, is oxidized in two ways: direct oxidation and indirect oxidation. Direct oxidation occurs under about 1 400°C, when the carbon is oxidized by the oxygen from atmosphere [Reaction (1)]; indirect oxidation occurs above 1 400°C when carbon reacts with solid oxygen from MgO [Reaction (2) ]. [3] [4] [5] 2C(s)+O 2 Many researches have been done on promoting the oxidation resistance of MgO-C refractories, one of which is to add anti-oxidants into refractories. Among all the antioxidants Al, Si, Mg, SiC and B4C are mostly studied. [6] [7] [8] [9] [10] [11] For instance, Zhang et al. have investigated MgO-C refractories containing Al, Si and B4C additives. Thermo chemical calculation and microstructures observation were combined in their work to determine the reaction process of antioxidants. 8) A.S. Gokce et al. have studied the oxidation resistance of MgO-C bricks containing Al, Si, SiC and B4C additives at temperature of 1 300°C and 1 500°C. 6) To evaluate the effect of anti-oxidants, most of the above works were to compare weight loss or depth of carbon depleted region of samples to which different anti-oxidants were added. Based on shrinking core model, kinetic parameter can be calculated from the weight loss change data of species. 5, [12] [13] [14] [15] [16] [17] For example, Faghihi-Sani et al. have proposed a model for direct oxidation of carbon in magnesia-graphite refractories, and studied the influence of temperature on oxidation kinetic parameters.
In the present work, the authors attempted to calculate effective diffusivities in MgO-C refractories into which Mg, Al, Si, SiC and B4C powder are added. To accomplish this, a mathematical model for direct oxidation kinetics of magnesia-graphite refractories containing antioxidants was proposed. The effects of different anti-oxidants on effective diffusion coefficient were compared, so were the impacts that introduced by differing content of the same antioxidant. The results were discussed to deepen the comprehension of different anti-oxidants' action mechanism.
Experimental Procedure

Raw materials and Sample Preparation
Fused magnesia and graphite flake with chemical composition shown in Table 1 were used as the basic mix. Contents of magnesia grains with different sizes (0-0.5 mm and ×100] , in which y presents the percentage of materials of a size less than d, D is the maximum particle size of all grains and n is an empirical parameter which was set as 0.37 to obtain optimum apparent porosity and bulk density. Liquid phenolic resin (8.5 wt.%) (TYPE:4012, SQhepworth, YingKou) was used as binder and resin powder (1 wt.%) (TYPE:5408, SQhepworth, YingKou) was also added into the mixture.
Anti-oxidants listed in Table 2 were used to prepare the experimental samples which were mixed , bi-directionally pressed at 150 MPa and finally tempered at 250°C for 24 h. To remove the volatile species of resin, samples were heated at 950°C for 3 h in a sagger which was filled with coke.
Oxidation Test Apparatus
Shape and dimension of these samples are shown in Fig.  1 . The length of the sample (L) was no less than 32 mm. To remove the anisotropy of graphite flakes, the circular ends of the cylindrical samples were covered by oxidation resistant coating. By this way, only the straight sides (which were parallel to the pressing axis) were exposed to oxidation atmosphere.
Apparatus of isothermal oxidation tests are described in Fig. 2 . The electric furnace was preheated to oxidation temperature (1 200°C) and then raised the sample. The mass changes during oxidation were automatically recorded per 30 seconds by electrical weight balance which was connected to computer through RS-232. Also some samples with 3 wt.% anti-oxidants were oxidized at 1 200°C for 2, 4, 6 and 8 h, and the radius of un-reacted core after being oxidized for each period was measured directly. Figure 3 shows the shrinking core model for the oxidation of carbon contained materials, which assumes three steps comprising of mass transfer from gas layer, gas diffusion inward and outwards through the oxidized porous layer and chemical reaction at the un-reacted core surface of the sample determines the oxidation velocity of carbon contained materials.
Kinetic Modeling of the Oxidation Process
12) And the sharp boundary, which separates the un-reacted core from the oxidized regions of the sample, indicates the internal diffusion in the porous layer is the determining step of the oxidation process. When the internal diffusion becomes the determining step, the diffusion velocity of O2 (rD) for cylinder sample can be expressed by where co2r (mol/cm 3 ) is the concentration of O2 at the core surface, co2s (mol/cm 3 ) is the concentration of O2 at the sample surface, ri (cm) is the radius of the un-reacted area after oxidized, and ro (cm) is the radius of the cylinder sample.
As to the oxidation of C, the reaction between C and O2 can be (5) where G is the standard Gibbs energy and K is the equilibrium constant. The partial pressure of CO is assumed to be 1 atm, from which it can be calculated that the particle pressure of CO2 and O2 are 9.41×10 -4 atm and 8.40×10 -18 atm individually when the temperature is 1 200°C. Therefore, the concentration of O2 at the reaction surface of un-reacted core is close to zero.
When there is convection of O2 at the gas layer, the concentration of O2 at the surface of sample is approximate to it at the bulk atmosphere, so the diffusion velocity of O2 can be expressed by where co2A (mol/cm 3 ) is the concentration of O2 at the atmosphere.
Sample without Anti-oxidants
For the Reaction 4, there is an equation ...... (7) where nc (mol) is the quantity of C that reacts with O2, ρ (g/cm 3 ) is the appearance density of the sample, θ1 is the weight percentage of graphite, w1 is the carbon content of graphite, θ2 is the weight percentage of phenolic resin, w2 is the carbon content of phenolic resin, and Mc is the mole mass of C. The equation below can be derived from Eqs. (6) and (7) .......... (8) ....... (9) ..... (11) where xB is the oxidation rate of the cylinder sample. And it can be concluded that .... (12) As to the sample in this study, the appearance density of the sample is (16) where k is the slope of the curve (1-xB)ln(1-xB)+xB versus t.
Sample with Anti-oxidants
When anti-oxidants are added into the sample, they can bring such effects: First, the anti-oxidants react with oxygen prior to carbon, so the carbon in the refractory is protected. Second, the glass phase or bulk expansion introduced by the oxide of the anti-oxidants can block the pores which are considered to be the diffusion passage for the gas phase. Last, anti-oxidants of the same bulk as carbon can react with oxygen of different quantity. The quantity of oxygen that unit volume of anti-oxidant consumes is shown as Table 3 .
As to Reaction 4, there is no = 2nc and dno = 2dnc.
As to the reaction between oxygen and anti-oxidants, there is
where α is anti-oxidant consumption factor, which indicate the quantity of anti-oxidant that unit quantity of oxygen reacted with. For different anti-oxidants, α can be calculated from Table 3 , and the result is shown in Table 4 . ISIJ
Without Additive
The weight change of MgO-C sample without any additive is shown in Fig. 4 .
The radius of un-reacted core (r) can be derived from the results of oxidation rate (xB) as described in following equation Fig. 5 , in which the direct measurement for the diameter of the un-reacted core after various oxidation periods (2, 4, 6 and 8 hour) was also plotted. And the well fitting confirmed the earlier modeling. The oxidation rate and the value of the term [(1-xB)ln(1-xB)+xB] versus t are shown in Fig. 6 .
It can be seen from Fig. 6 that the curve for the value of (1-xB)ln(1-xB)+xB versus t is not a linear one at first. The reason is that the temperature of the sample rose up gradually, and the controlling step for the oxidation is reaction at the surface when temperature is low.
Experiment data from the 9×10 3 th second to the 24×10 3 th second were used for the assessment of this mechanism system. "Least Square" method was used for the line-fitting of the curve to calculate the slope which is the dependent variable of effective diffusion coefficient as described in Eq. (16) . The fitted line and experiment data are shown in Fig.  7 , and the fitting curves are in good agreement with experiment data as shown.
Parameters needed for the calculation of effective diffusion coefficient are shown in Table 5 . Take these parameters into Eq. (16) , and the calculation result of effective diffusion coefficient (Deff) was 3.09×10 -1 cm 2 /s. The result in this work is much lower than the one in the Li et al.'s work, 5) which was 4.53×10 -1 cm 2 /s at 1 200°C. The difference between them was because the secondary carbon formed from pyrolysis of the resin was remove by pre-oxidation at 400°C for 50 h in Li et al.'s work, and that would increase the porosity of sample.
With Anti-oxidants
Changes in the weight of MgO-C samples with Mg, Al, Si, SiC and B4C additives during oxidation process at 1 200°C are shown in Fig. 8 .
The oxidation time (t) versus the diameter of un-reacted area (2r) which was calculated from the weight changes data were plotted in Fig. 9 , along with the direct measure results for the diameter of the un-reacted core.
Take the measuring result for weight change into Eq. (31). And the curves for the value of the term [(1-xB)ln(1-xB)+xB] versus t are shown in Fig. 10 .
Parameters needed for the calculation of effective diffusion coefficient are shown in Table 6 , so are the start and end time of the experiment data for the linear fitting. And Sample 
Discussion
With Mg Additive
The XRD analysis of MgO-C specimens with 7 wt.% Mg, before and after being oxidized at 1 200°C, is presented in Fig. 12 .
It can be seen from Fig. 12 (a) that there is no Mg's carbide formed during the cooking process. After being oxidized, all the metal Mg transformed into magnesia as Reaction (5).
Mg(g)+CO(g)=C(s)+MgO(s)....(Reaction 5)
The volume change of the Mg additive when it was oxidized is illustrated in Table 7 . It can be seen from the Table  5 that the oxidation process of Mg additive leads to a volume expansion of about -11.15×10 -2 cm 3 /g, which means the oxidation production has negative effect on narrowing the oxygen diffusion path.
With Al Additive
The XRD analysis of MgO-C specimens with 7 wt.% Al, before and after being oxidized at 1 200°C, is presented in Fig. 13 .
The XRD analysis and thermodynamic calculation indicate some of the Al additive initially reacted with C to form Al4C3 [Reaction (6) ] when the samples are heat treated at 950°C. The intensity of peak corresponding to Al4C3 indicates that the conversion rate is low at 950°C. The volume changes of the Al additive after heated and oxidized are shown in Table 8 . It can be seen from Table 8 that the formation of Al2O3 leads to a volume expansion of 10.56×10 -2 cm 3 /g. The volume expansion blocks the pores which are the diffusion path for the oxygen.
With Si Additive
The XRD analysis of MgO-C specimens with 7 wt.% Si, before and after oxidized at 1 200°C, are presented in The volume changes of the Si additive after heated and oxidized are illustrated in Table 9 . Although the formation of SiC [Reaction (10) ] would lead to the decrease of specimens' volume, because of the consumption of C during the reaction. The ultimate oxidation product would be SiO2 which leads to a volume expansion of about 49.27×10 -2 cm 3 /g. The volume expansion of Si additives when oxidized was even larger than that of Al, which can explain the effective diffusion coefficient in specimens with Si additive was smaller than that in samples with the same content of Al additives when the oxidation tests were carried out.
With SiC Additive
The XRD analysis of MgO-C specimens with 7 wt.% SiC, before and after oxidized at 1 200°C, are presented in Fig. 15 .
Because the SiC is stable under reducing atmosphere, there was no reaction but a little oxidation of SiC occurred when the samples were cooked.
When the samples with SiC additives were oxidized, SiC reacted with CO to form SiO2 [Reaction (12)]. And the SiO2 /g which is smaller than the expansion of Si additive's oxidation process.
With B4C Additive
The XRD analysis of MgO-C specimens with 7 wt.% B4C, before and after oxidized at 1 200°C, are presented in Fig. 16 .
The B4C is stable under reducing atmosphere too. When The volume change of B4C additive when oxidized is illustrated in Table 11 . It can be seen that oxidation of B4C had the largest volume expansion among all the antioxidants which were studied at this paper. Thus effective diffusion coefficient in samples with B4C additive was the smallest one. 
Conclusions
Based on modified shrinking core model, effective diffusion coefficient in MgO refractories with antioxidants can be estimated. And the oxidation resistances of MgO-C refractories with 0%; 1%; 3%; 5% and 7% anti-oxidants (Mg, Al, Si, SiC and B4C) additions have been compared by the calculated result of the effective diffusion coefficients. Phase changes were also investigated to determine the volume expansion rate of different additions when they were oxidized. The main results are as follows:
(1) Mg addition had a volume expansion of -11.15×10 (5) B4C addition had an expansion of 96.55×10 -2 cm 3 /g which was the largest one among all the additions when turned into oxide. And it was the most effective addition to block the diffusion path for oxygen. The effective diffusion coefficient in MgO-C refractories with B4C addition went down from 2.61 to 1.07×10 -1 cm 2 /s as the percentage of B4C addition increased from 1 to 7 wt.%.
